small subtropical estuary rainstorm event freshwater flushing salinity density-driven mixing field measurements a b s t r a c t
Introduction
Estuaries are typically classified based upon topography and salinity structure (Pritchard, 1952; Dyer, 1997) . In Eastern Australia, a large majority of estuaries were found to be a drowned river valley (coastal plain) type. Their main topographical features are shallow waters with large width to depth ratio, cross-sections which deepen and widen towards the mouth, a small freshwater inflow to tidal prism volume ratio, a surrounding of extensive mud flats and a sinuous central channel. Fig. 1 illustrates such a small estuary in South-East Queensland, also classified as a wet and dry tropical/subtropical estuary and the hydrological characteristics of the system are summarised in Table 1 . This type of estuary accounts for 30% of all estuaries in Australia (Digby et al., 1999) . A key feature of the small systems is the short-lived, episodic, high freshwater inflows during the wet periods and basically no flow during the dry season.
To date, most field studies in small subtropical estuaries were conducted during dry seasons and episodic rainstorm events were rarely documented. The purpose of this contribution is to present a field study conducted a small subtropical system with semidiurnal tides during and immediately after a rainstorm. A number of hydrodynamic and physio-chemical parameters were recorded simultaneously at several longitudinal locations for 12 h. The data are compared with a solution of the salt dispersion equation.
Study site and instrumentation
Eprapah Creek is a subtropical creek in Eastern Australia. The stream flows into the Moreton Bay at Victoria Point off the Pacific Ocean, 26 km south of the Brisbane river mouth. The estuarine zone is a small, narrow, elongated and meandering channel (Fig. 1) . Eprapah Creek estuary has been monitored for 30 years, and several detailed field experiments were conducted since 2003 (Chanson et al., 2005; . The estuarine zone is typically partially mixed, although it tends to be partially stratified during ebb tides and could become stratified after some rainstorm events. The tides are semi-diurnal with some slight asymmetry. On 28 August 2006, the tidal range was 1.57 m at the river mouth corresponding to neap tide conditions. Table 2 summarises some key parameters which are compared with two earlier studies using the same technique, instrumentation and sites (Chanson et al., 2005) .
On 28 August 2006, the field work started after a night of showers, and an intense but short rainstorm between 5:15 and 5:45 am. At the nearby Leslie Harrison dam, located less than 6 km from Eprapah Creek catchment, 30 mm of rainfall were recorded between 3:00 and 6:00 am. In the estuary of Eprapah Creek, the rainfall was heavy and all the field work participants were soaked. This short rainstorm generated some moderate surface runoff in the creek itself. But the wetlands of Eprapah Environmental Training Centre in which was located the sampling Site 3 were flooded by runoff from the adjacent roadways and shopping centre car parks (Fig. 1, bottom right) , and some strong freshwater runoff was felt in the entire estuary. Fig. 2 illustrates some surface runoff into the creek in the upper estuarine zone around Site 3.
Sampling techniques
Measurements were conducted at several sampling sites along the estuary. These were sites 1, 2B and 3 whose locations are shown in Fig. 1 . At these three sites, surface sampling was performed simultaneously from the banks between 6:00 and 18:00 (Table 2 ).
The measurements included surface velocity, air and water temperatures, pH, turbidity (Secchi disk), and dissolved oxygen, and the same instrumentations were used at each sampling site. The air temperatures were measured with alcohol thermometers. The water conductivity and temperatures were recorded with OaklonÔ ECTest Highþ Thermometer/conductivity metres. The water elevation was measured with graduated poles installed at the low tide. The pH levels were measured with some MachereyNagelÔ pH paper (range 6.4-8.0). The dissolved oxygen contents were recorded using a modified Winkler method with HachÔ DO Test Kit Model OX-2P 1469-000. The water turbidity was measured with 30 cm diameter Secchi disks. The surface velocities were estimated by timing suitable floats over a known distance. The readings were taken every 15-30 min. The surface water samples were taken at 0.1-0.2 m below the surface. In addition, some bottom water samples were collected at Sites 2 and 3. This was not feasible at Site 1 because the channel was too deep.
Further a number of vertical profiles of physio-chemical parameters were conducted from a boat. These were performed using a physio-chemical probe YSI6920 which was lowered from the boat drifting with the flow, and the measurements of temperature, pH, conductivity, dissolved oxygen content and turbidity were performed every 20-50 cm after waiting at least 2 min for each parameter to stabilise. Longer times were required at the interface of the salt wedge. The vertical profiles were performed between 08:25 and 12:35 corresponding to the mid flood tide and high water conditions. 
Experimental observations
The field study took place between a low water and the next low water (Table 2 , columns 2 & 3). The water level measurements showed the maximum and minimum water levels slightly after the reference high and low tides at the river mouth (Fig. 3A ). This is typical of an estuarine system in which the change in boundary conditions at the river mouth must travel upstream (Henderson, 1966; Chanson, 2004) . The water levels in the estuary were dominated by tidal forcing and little difference in water levels was observed among all the three sites (Fig. 3A ). The rainfall runoff had a negligible effect on the water levels in the estuarine zone. But the surface velocities were mostly positive for nearly all the day (Fig. 3B ). That is, the surface waters flowed downstream towards the river mouth even during the flood tide. This is shown in Fig. 3B presenting surface water measurements. At both Sites 1 and 3, the surface velocities were positive downstream for the full 12-h period, while, mid-estuary, they were negative for only a brief period (Fig. 3B ). The finding emphasised the drastic impact of the morning rainstorm runoff and the resulting flushing of the estuary. Visually all the field work participants noted some strong downstream current during the flood tide, especially in the early morning shortly after the storm. The scientists in the boat observed further a large amount of debris in the water flowing downstream during the morning (8:30-11:00).
The water quality observations were conducted systematically from the bank and from a boat mid-stream. Fig. 4 shows the timevariations of several parameters at all three sites. (Table 2 , column 7). In the upper estuary (Site 3), the salinity levels were dominated by the freshwater flow. Some stratification was observed, in particular at high tide. A similar stratification was observed in earlier studies (e.g. 4 April 2003). Higher salinities were observed with a decreasing distance from the river mouth (Figs. 4A and 6 ). The vertical profiles of salinity showed a 1-1.5 m thick layer of freshwater next to the free-surface during the mid flood tide at all sampling sites (Fig. 5) . It is likely that this highlighted some freshwater runoff flowing above a denser layer of saltwater as shown in Fig. 6 around mid-ebb tide.
The temperature data indicated an increase in water temperature near the middle of the day as the surface waters were heated by the sun (Fig. 4B). For comparison, Fig. 4C shows the measured air temperatures during the field study. The vertical profiles of water temperature are presented in Fig. 5 . The data indicated a colder layer of surface water during the mid-flood tide (i.e., first readings between 8:30 and 9:20). The turbidity data highlighted some low Secchi disk readings during most of the study. This was likely a consequence of sediment stirring during the morning freshwater Time Time 6:00 7:00 8:00 9:00 10:0011:0012:00 1:00 2:00 3:00 4:00 5:00 6:00 flood flow. The vertical profiles of turbidity showed turbidity levels between 25 and 55 NTU. The dissolved oxygen (DO) contents were relatively homogeneous in the longitudinal direction and throughout the day. The vertical profiles indicated also some relatively uniform vertical distributions. The findings were in sharp contrast with field observations during dry periods at Eprapah Creek (Chanson et al., 2005; . These previous studies suggested that the flood tide brought in waters rich in oxygen during the flood tide, while runoff waters, sewage effluent release and poor flushing of the upper estuarine zone yielded oxygen starved upstream waters. Lastly the pH data suggested a relatively uniform spatial distribution along the estuary, contrary to dry-weather data (Chanson et al., 2005) .
Impact of runoff waters
The field measurements demonstrated a significant flushing of the estuarine zone on 28 August 2006 following a short, intense rainstorm. For the next 12 h, the estuary flow was dominated by the freshwater discharge and the tidal conditions at the river mouth.
In the upper estuary, the quality of the surface water runoff in the mangrove swamp next to Site 3 was measured between 7:00 and 11:00. The water samples were collected on the right bank above the ''waterfall'' seen in Fig. 2 . The readings were nearly constant between 7:00 and 11:00. The runoff waters were basically cold freshwaters (17.5 C, salinity ¼ 2.2, pH ¼ 6.2, DO ¼ 6.7 mg/l). Visual observations highlighted also a large number of ''waterfalls'' (Fig. 2) on both left and right banks of the upper estuary during the early and mid-flood tide. The cascading waters impacted the creek waters at relatively high velocities and induced some significant air bubble entrainment and ''white waters''. This phenomenon is known to stir up the water column and to increase the dissolved oxygen levels (Chanson, 1997) .
Discussion
The freshwater runoff formed a plume of brackish waters which dispersed into saltier waters. Assuming a point source of the freshwater located next to the free-surface at the upstream end of the estuary, the quasi-steady state equation of freshwater advection in the estuary is:
where s is the salinity at a depth (d À z) below the surface, d is the water depth and z is the vertical elevation above the river bed, x is the upstream distance from the river mouth, S o is the seawater salinity, V is the advection velocity negative in the downstream direction and e z is the vertical diffusivity. Eq. (1) is a simple advective diffusion equation in terms of the salinity defect (S o À s). The boundary conditions are s ¼ S o at the river mouth while the free-surface is a solid boundary for the salinity: i.e., there is no flux of salinity through the free-surface (z ¼ d). Further a point source of freshwater was assumed at x ¼ L and z ¼ d. The dimensionless solution of Eq. (1) in terms of the vertical salinity gradient is
where (1) is derived by using the method of images:
Eq. (3) is the analytical solution of freshwater advection in a shallow-water channel. Despite its gross approximations, Eq. (3) predicts the general trend of two-dimensional salinity distributions in Eprapah Creek during the freshwater runoff as shown in Fig. 5 (left). It is acknowledged that Eq. (3) does not match closely the data. In practice, the freshwater plume lifted off the channel bed (Fig. 6 ) and the salt wedge interface blocked the vertical mixing. This is seen in Fig. 5 . Along the estuary, the depth-averaged salinity S increased with decreasing distance from the river mouth as illustrated in Fig. 7A .
Time
Time 6:00 7:00 8:00 9:00 10:0011:0012:00 1:00 2:00 3:00 4:00 5:00 6:00 6:00 7:00 8:00 9:00 10:0011:0012:00 1:00 2:00 3:00 4:00 5:00 6:00 Assuming a quasi-steady state, the salt dispersion equation yields
where D is the longitudinal dispersion coefficient, A is the channel cross-section, S is the depth-averaged salinity, and Q f is the freshwater discharge (negative downstream). For an alluvial river, such as Eprapah Creek, the channel cross-section area A decays exponentially with increasing distance from the river mouth: where A o is the cross-section area at the river mouth and a is the convergence length (Savenije, 1993 (Savenije, , 2005 and a ¼ 0.655 km at mean sea level. Assuming a constant dispersion coefficient, the integration of Eq. (4) gives the longitudinal distribution of depth-averaged salinity:
where S 0 ¼ S/S o . The depth-averaged salinity data are compared with the simple dispersion model in Fig. 7 . In Fig. 7A , Eq. (6) is plotted for the mid-flood tide conditions of the study E8 and compared with both wet-weather conditions (study E8) and drought conditions (study E4). Fig. 7B presents the dimensionless longitudinal salinity gradient dS 0 =dx 0 which characterises the density-driven dispersion. The complete data sets are tabulated in Table 3 , and they are compared with the salinity gradient expression derived from Eq. (6):
Both Fig. 7A and B showed a reasonable agreement between Eqs. (6) and (7) calculated for the study E8 under mid-flood tide conditions and the corresponding data set (red filled squares), although the theory is based upon a quasi-steady state approximation. Note some basic differences between the wet-weather conditions experienced during the present study E8, and an earlier field study conducted during a drought (study E4) (Fig. 7) . Eq. (6) performs reasonably well in relation to the observed salt intrusion data at Eprapah Creek with a dome-shaped intrusion curve. In an estuary with a pronounced funnel shape, such as Eprapah Creek, the mixing process is believed to be density-driven with small to negligible tidal-driven dispersion during wet weather conditions, except near the river mouth (Savenije, 1993) . At the point where the salinity gradient is at its steepest, the densitydriven mixing is predominant, and this corresponded to a location in the upper estuary in the vicinity of Site 3 (Fig. 7B) .
For the wet-weather data set, Eqs. (6) and (7) propose a simple conceptual model for the longitudinal dispersion of freshwater runoff in the small alluvial estuary. The agreement between data and theory suggests that the estuary funnel shape is a key factor in controlling the salt dispersion during the rainfall runoff.
Conclusion
Small subtropical estuaries are characterised by short-lived freshwater flushing, and basically no flow during the dry season. Episodic rainstorm events were rarely studied in the field, and this note presents a data set collected during and immediately after a rainstorm. While the trapping of freshwater by mangrove swamps and flats was previously documented (Wolanski and Ridd, 1986) , the present data set highlighted the short-term impact of a rainstorm on a small subtropical estuary. Herein, the flushing appeared to be caused primarily by the rainfall runoff from the nearby shopping centres, parkings and roadways. In the estuary, the surface flows were dominated by the freshwater flushing including during the flood tide (Fig. 3B) . Some strong vertical stratification of the water column was observed at all sampling locations, but the longitudinal distributions of dissolved oxygen and turbidity showed a quasi-homogeneous estuarine system, in sharp contrasts with dry weather data sets. The salinity data highlighted the advective diffusion of the freshwater plume. The observed salt intrusion data exhibited a dome-shaped intrusion curve, and the data followed an analytical model (Eq. (6)). Despite crude underlying assumptions, the analytical solution provided a simple physical model of the salt dispersion in the alluvial estuary. It showed the significance of density-driven mixing in the upper estuary during wet weather conditions.
